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1. Introduction
Measurement techniques have been developed under this gram for
the remote sensing of meteorological variables. These techniques are
based on analyses of the light scattered from a laser beam by the var-
•	 ious constituents of the atmosphere. Under appropriate conditions,
the data obtained with laser radars may be related to the spatial dis-
tribution of various minor constituents, such as atmospheric aerosols
and trace gases, in addition to vertical profiles of atmospheric den-
sity, temperature, and winds.
A variety of problems relating to the meteorology and physics of
the atmosphere has been studied under this grant. Additional support
for those problems related to the investigation of dust in the upper
atmosphere by optical radar was also obtained from NASA through
Grant NGR 22-009-114. The results of these studies have been
reported in several publications. This final report on NASA Grant
NGR 22-009-131 reviews the results of the laser radar studies that
were initiated by Professor Giorgio Fiocco and his group at the
Research Laboratory of Electronics of Massachusetts Institute of
Technology.
2. Research Summary
One of the first and simplest t o-chni jues for probing the atmosphere
with lasers makes use of the backscattered radiation from a pulsed
laser to detect layers of dust particles in the atmosphere. In these
experiments, the optical backscattering cross section of the atmo-
sphere is measured as a function of range, and aerosol layers are
inferred from significant deviations of the laser echoes expected from
dust-free air.
The first experiments in which lasers were used for ground-based
remote measurements of atmospheric parameters were conducted at
:'11l. I. T. by Fiocco and Smullin. 1 In their preliminary studies echoes
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from scattering layers from heights of 60-90 km and 110-140 km were
detected during the summer of 1963. These echoes were tentatively
attributed to dust particles of extraterrestrial origin 2 ; this interpreta-
tion was corroborated by the observed correlation between the laser
radar echoes from 110 to 140 km and ionospheric sporadic-E. 3 Numer-
ical calculations of the ionization resulting from neutral-neutral col-
lisions of the ambient gas induced by incoming extraterrestrial particles 
verified that the influx of cosmic dust could produce ionization in
amounts comparable to that required in the E-region at night and in
some types of sporadic-E irregularities. McCormick et al. 5 also
reported enhanced scattering from altitudes between 70 km and 140 km
and interpreted their measurements as evidence of extraterrestrial
dust. It is possible, however, that all of ti.Lese early results were
affected by instrumental difficulties, and the evidence for aerosol
layers above the mesosphere might not be reliable. 6-8 Although
laser radars with much ,treater sensitivity have not suasequently
detected regions of enhanced scattering above approximately 90 km,
it should be pointed out that the influx of extraterrestrial dust could
be highly variable. Poultney and Silverberg 9 suggest that the
variability of laser radar echoes may be associated with sporadic
sources of extraterrestrial aerosols that are due to periodic comets.
of low inclination. Also, evidence of enhanced meteoric activity
during the summer of 1963 has been obtained by techniques other
than laser radar. 10, 11
The presence of layers of light-scattering particles near or below
the menopause has been established by numerous visual observations
of noctilucent clouds. During the summer of 1964, we performed laser
radar experiments in Alaska and Sweden for the purpose of observing
the aerosol content of the mesosphere during noctilucent cloud displays.12
In these experiments strong echoes were observed near 70 km and were
taken as an indication that measurable processes involving a wide range
of mesospheric heights were involved. New experiments to obtain mea-
surements of the aerosol content of the mesosphere at times when noc-
tilucent clouds might be present were conducted in the summer of 1966
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near Oslo, Norway. 13 These measurements indicated that the 60-70 km
altitude region contained an appreciable amount of particulate material in
the su nmertime at high latitudes during periods of noctilucent cloud activ-
ity, as suggested by our earlier laser radar results. Observations of the
transient features of a noctilucent• cloud were also obtained with the
apparatus: the height of the cloud varied from 75 km to 73 km during
the observation interval; the geometric thickness of the cloud was
appreciably less than 1 km; and the optical thickness was — 10 `.
An estimate of the meridional flux of particulate material at high lati-
tudes was obtained from the measurements by relating the average
vertical distribution of aerosols observed by the laser radar during
the summer to the general circulation of the upper atmosphere; esti-
mates of the mass flux of extraterrestrial dust based on these data
are in agreement with results obtained by other techniques.
We have also conducted a variety of analytical studies of the dust
content of the upper atmosphere. Fiocco6 has reviewed the previous
work directed toward the detection of atmospheric dust by laser radar
and has outlined the requirements for a laser radar system to con-
tinuously monitor the influx of extraterrestrial dust on Earth. A the-
oretical study of the meridional circulation of dust in the upper atmo-
sphere has been conducted, and some preliminary results of the study
have been reported. 14 The study has been completed and its results
will soon be reported.15, lb By using existing models for the atmo-
spheric meridional circulation and its seasonal variations, possible
trajectories of particles of extraterrestrial origin and of radius 0.1 µ
to 1. 0 µ were obtained. It was found that there are regions of the
atmosphere that are not accessible to particles of a given size at
certain times of the year, and that there can be a considerable local
increase of the particle concentration. Thus the presence of a solid
constituent in noctilucent clouds can be related to seasonal variations
in the meridional air flow; in fact, the enhancement should be par-
ticularly noticeable in the mesosphere during summer for the smaller
particles of extraterrestrial origin. Our optical radar observations
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at high latitudes at times of noctilucent cloud activity confirm a local
increase of the aerosol concentration at mesospheric heights.
A two-year study to evaluate the average and time-variant charac-
teristics of stratospheric aerosols has been conducted with a laser
radar. 17,18 Most of the observations were conducted at Lexington,
Massachusetts, during 1964 and 1965; some data were also obtained
during the summer of 1964 at College, Alaska. The vertical distribu-
tion of the aerosol particles was obtained by comparing the laser radar
return with the return expected from a molecular atmosphere, using
the observed echoes from 25 km to 30 km altitude to calibrate the
instrument. The data consistently showed a maximum in the relative
concentration of aerosols between 15 km and 24 km altitude. The
observations showed that the stratospheric aerosol layer exhibited
little temporal variability, with a generally decreasing trend during
the 'two-year observation interval. At the observation site in
t-
::pcctrum; however, their rando,-n motions are much slower than the
thermal velocities of the air :molecules, and the scattered energy from
the acrosols is contained in a narrower band of the frequency spectrum
thaM. the scattered energy from air molecules. The feasibility of using
this technique to se parate the effects of aerosol scattering from molec-
u.ar
 scattering has been demonstrated by the use of a pressure-scanned
Fabry-Perot interferometer to measure the spectral distribution of the
light scattered by naturally occurring aerosols in the laboratory air and
by artificially produced fogs. 24 The Doppler effect resulting from the
motion of scatterers can be utilized in other ways. For example,
large Doppler shifts are expected for laser echoes from incoming
zricrormeteo ites. 6
 Also, since the random thermal motions of atmo-
spheric molecules cause the scattered spectrum to be broadened
with respect to the radiated spectrum, measurements of the spec-
tral profile are thereby related to the temperature of the gas and
could i^be used as the basis of a system for remote determinations
Z 'of atmospheric temperature, while bulk shifts of the scattered
.+
The homodyne spectrum of coherent light scattered from particles
suspended in a turbulent fluid will be broadened with respect to the
spectrum observed when the pwti;es undergo Brownian motion in a
fluid at rest. A theoretical anti experimental study has been conducted-
to relate ;measured spectral widths and profiles to the parameters
describing the turbulence.
The theoretical analysis suggests that the homodyne spectrum of
light scattered from the particles will be determined by the joint prob-
ability density function of particle displacements for two particles.
When the transit time for the particle moving through the scattering
volume is small compared with the Lagrangian integral time scale,
the homodyne spectrums, apart from the broadening caused by molec-
ular diffusion, has the same shape as the two-particle, relative velocity
distribution. Thus the homodyne spectrum is potentially useful in deter
-mining the turbulent velocity distribution.
An optical homodyne spectrometer has been used for an experi-
mental study of the spectrum of coke_ ent light scattered from turbulence
induced by a jet of water into water marked with uniform. latex
spherical particles. 26
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